[1] Dust is an important vector for iron supply to the ocean, which subsequently impacts ocean productivity, atmospheric CO 2 concentrations, and hence global climate. Here, we synthesize the processes influencing the biogeochemistry of Australian dust and compare them with those from other Southern Hemisphere dust sources. Our observations range from soil and dust physical properties to abrasion and cloud chamber chemistry experiments to dust storms and their dispersion and deposition. We then present satellite observations of the impact of episodic dust deposition events on the productivity of low-iron oceanic waters north (i.e., low-nitrate, low-chlorophyll (LNLC)) and south (i.e., high-nitrate, lowchlorophyll (HNLC)) of Australia. Dust deposition from the largest dust storm in over 40 years did not result in iron-mediated algal blooms in either oceanic region. A comparison of Australia with other Southern Hemisphere source regions reveals that the relatively well sampled Australian system is a poor generic model. Furthermore, there are marked distinctions between Southern and Northern Hemisphere iron/dust biogeochemistry that must be recognized by modelers and included in future simulations. Better information is required on the relative role of the atmosphere and ocean on influencing iron biogeochemistry and how their relative influences might change in the future due to climate change.
Introduction
[2] It has long been acknowledged that dust supply impacts global climate by altering atmospheric aerosol loading, specifically cloud condensation nuclei production and radiative forcing . In the last two decades, it has emerged that dust can also impact global climate through its role as a major source of iron to the upper ocean via episodic dust storms [Prospero, 2002] . In several oceanic regions, including the high-nitrate, low-chlorophyll (HNLC) waters of the Southern Ocean, mesoscale perturbation experiments have demonstrated that low iron availability limits primary production [Boyd et al., 2007] , and shipboard experiments in some oligotrophic (lownitrate, low-chlorophyll, LNLC) tropical and subtropical areas indicate that low iron supply results in low N 2 fixation [Mills et al., 2004] by diazotrophic phytoplankton.
[3] It has been proposed that increased iron supply in the geological past, specifically the glacial maxima [Martin et al., 1990] , resulted from higher dust fluxes [Calvo et al., 2004] . This greater iron supply was probably responsible for higher rates of both primary production and carbon sequestration to the oceans interior, with a subsequent impact on climate via a reduction in atmospheric CO 2 concentrations [Martin et al., 1990] . Subsequent analysis of Antarctic ice cores has supported this hypothesis and shown that during the last 420,000 years the rate of dust deposition is inversely correlated to atmospheric concentration of CO 2 [Petit et al., 1999] , and during the Last Glacial Maximum (LGM; 22-19 ka) the flux of acid-leachable iron was 34 times higher than at the start of the Holocene [Gaspari et al., 2006] . Other potential climatic impacts of dust-derived iron supply limiting the growth of marine phytoplankton include reduced production of albedo-enhancing aerosol precursors (e.g., dimethylsulfide) by phytoplankton [Charlson et al., 1987; Cropp et al., 2005] .
[4] Early dust studies, such as SEAREX (SEA AiR EXchange Program; 1979 , focused on assessing the main regional sources, transport routes and seasonality of deposition of aerosol dust into the ocean [Prospero et al., 1989] . A synthesis of these regional studies led to the first global maps of dust deposition into surface waters [Duce and Tindale, 1991] . Subsequent research using laboratory-based solubility experiments sought to translate these maps of dust deposition into global distributions of iron deposition [Spokes et al., 1994] . Remote-sensing has become a powerful tool to provide large-scale monitoring of transport routes and deposition zones [Husar et al., 1997] that has improved our understanding of the scale and episodicity of global dust processes.
[5] More recent research has focused on many aspects of dust processes including regional estimates of dust solubility , the role of land use in altering dust supply [Tegen et al., 1996] , soil abrasion and dust particle size [Bullard et al., 2004] , and dust interactions with sunlight [Tagliabue and Arrigo, 2006] and cloud water [Hand et al., 2004; Mackie et al., 2005] . However, despite the increased scope of dust research, very few studies have attempted an overview of these processes (and how they interrelate), and many key areas remain un-addressed; Jickells et al. [2005] , in a review of the connections between dust and ocean biogeochemistry and their impact on climate, recommended that future research needs to focus on areas such as dust deposition processes, and aerosol iron bioavailability.
[6] Observations of dust transport and deposition have been dominated by reports from the Northern Hemisphere (e.g., see summary tables of Duce et al. [1991] ). Recent large scale dust-related programs such as ACE-Asia [Chuang et al., 2005] and PRIDE have continued this trend by studying dust emissions and transport from China and the Sahara, respectively. Current global models of dust emission, transport and deposition predict that <20% of global oceanic dust deposition is into Southern Hemisphere waters and, that due to the relative proportions of land to water, dust deposition per m 2 to Northern Hemisphere oceans is 6-22-fold greater than to Southern Hemisphere waters (Table 1) . However, the impact of dust supply on oceanic biota in a particular region is not necessarily a function of mass flux: ''Although dust sources in the Southern Hemisphere are relatively small compared to those in the Northern Hemisphere, they warrant study because they could have a disproportionate impact on ocean productivity due to their proximity to the large HNLC (High Nitrate Low Chlorophyll) areas in the southern oceans'' [Mahowald et al., 2005, paragraph 50] . Factors influencing iron limitation are examined in section 3.
[7] Here, we focus attention on the role of iron and dust biogeochemistry in the Southern Hemisphere by bringing together recent data sets describing and linking the sequence of processes from the initial eolian uplift of Australian dust to the eventual uptake of dust-derived iron by phytoplankton in the waters offshore of Australia and New Zealand (Figure 1) . By linking these processes, we can better identify gaps in our current knowledge of iron and dust biogeochemistry in this region, and cross-reference them to the future research priorities outlined by Jickells et al. [2005] . We then compare and contrast the characteristics of Australian dust processes with both other major Southern Hemisphere dust sources, and also with dust processes in the Northern Hemisphere. As this is a synthesis, methodological details are largely in the relevant papers and also briefly outlined in the relevant discussion.
Synthesis of Results/Findings

Australia as a Continental Dust Source
[8] A distinctive feature of Australian dust storm activity is its highly episodic nature. The major dust source regions in the northern Hemisphere; the Sahara and China, emit dust more continuously and in much greater quantities [Washington et al., 2003 ]. This episodicity is largely because the Australian arid zone is relatively more humid, and better vegetated, than other arid regions. Also, being a very old continent with a complex geology has produced a complex matrix of soils with highly variable wind erodibility [McTainsh et al., 1990] .
[9] Spatial and temporal patterns of atmospheric dust entrainment in Australia have been measured using meteorological records in various ways. Initially the dust storm frequency was the measure of dust activity [McTainsh and Pitblado, 1987; Middleton, 1984] . This relationship was first quantified by McTainsh et al. [1989] , who found a strong positive relationship between dust storm frequency and the number of meteorological stations recording dust activity. That is, during periods when dust storms are more frequent they are also cover larger continental areas. Dust storm frequency has been superseded by the Dust Storm Index (DSI) [McTainsh, 1998 ] which measures both the frequency and intensity of dust entrainment using records of dust events weighted according to the extent to which they reduce visibility.
[10] An improved version of the index (DSI 3 ) is used here to map dust activity (Appendix A and Figure 2 ). It is important to note that the DSI is descriptive and not predictive. The DSI has a very high correlation (r 2 0.98) against measured dust concentrations . While these maps of dust activity provide the best available measurements of dust [Prospero, 1996] to constrain outputs and this data is also included. No data is available for the Arctic Ocean and dust supply is assumed to be zero. Here, the Atlantic, Pacific and Indian oceans are taken as extending southward to the coast of Antarctica.
b Calculated from value for entire Indian Ocean, assuming the measured 20:9 proportion of Prospero [1996] .
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Geosystems G Leys et al. [2006] are responding to this challenge by using a volunteer network, called DustWatch, to provide high spatial resolution dust monitoring.
[11] Most of the dust activity is in the centre of the continent (Figure 2 ), which reflects in part the inverse relationship between rainfall and dust entrainment [Bullard and McTainsh, 2003; McTainsh et al., 1989] ; however, the relationship is not a simple one. McTainsh [1985] and Bullard and McTainsh [2003] have concluded that the inland river systems of the Murray-Darling and Lake Eyre Basins (in the eastern sector of the continent) play an important role in feeding sediment into the arid centre where it is entrained into the atmosphere by strong wind events.
[12] The 46 year record of dust activity, measured by DSI 3 (Figure 3 ), shows three periods of high Figure 1 . Schematic of the sequence and timescale of events from the uplift of Australian dust to the uptake of iron by biota: (1) Approximate dust pathways from Australia. (2) Winds (represented by the raven Bellin-Bellin, an aboriginal wind god from Victoria) uplift soil grains that have iron oxides bound to the surface and in loose association with the surface and iron compounds within the mineral matrix. (3) During uplift soils undergo abrasion, producing smaller grains by spalling, etc., and abrading iron-oxide coatings from grains. After abrasive uplift grains either are deposited directly into the ocean (5) or undergo further processing in the atmosphere, e.g., UV irradiation (4), acidic clouds (6), before oceanic deposition (7). In the ocean iron may be supplied to Trichodesmium cells (puffs) resident in LNLC subtropical waters north and east of Australia and New Zealand (NZ) , and diatoms (chains) resident in HNLC waters south of NZ and Australia. Dusts have a residence time of weeks before passing from the mixed layer. dust activity ; 1960-1972, 1994 and 2002-3, all Figure 4 ) demonstrate how the location and extent of dust source areas can change dramatically in a short time.
[13] Within the large dust source regions there are a number of smaller dust source areas which become active at different times. A study of the relative erodibility of three land types, claypans (forming the high floodplains), dunes (linear, riverside dunes) and downs (interfluve areas between main rivers), in the Channel Country within the Lake Eyre Basin dust source region found that the erodibility of these land types changes considerably through time [Butler et al., 2001; McTainsh, 1999] . The erodibility of the dunes and downs fluctuated significantly with annual rainfall because erosion on these land types was vegetationlimited, whereas on the alluvial claypans (the most erodible land type) the erosion rate was more constant because these saline surfaces were devoid of vegetation and therefore their erosion was influenced by soil surface erodibility. Figure 6 ). Their results tend to overestimate early summer emissions and underestimate late summer emissions relative to ground-based measurements on mainland Australia [e.g., Ekström et al., 2004; McGowan et al., 2000; McTainsh et al., 1989; McTainsh and Pitblado, 1987; Raupach et al., 1994] . Other models overestimate the source strength of the Australian continent [e.g., Bauer
Figure 2. Annual mean DSI 3 for Australia, 1960 Australia, -2005 . The 400 mm isohyet indicated by solid black line. Black dots represent observing stations. Note that this is a smoothed temporal record because of intersectoral differences in rainfall and resultant dust activity between the west and eastern sectors of the continent which tend to cancel each other out. Generally speaking, when the east is in drought, the west is experiencing higher than average rainfall and vice versa. [Perlwitz et al., 2001] . These mismatches probably reflect both the location and quality of the validation data and assumptions made by the models. There is clearly a need for better high resolution information on dust sources, entrainment and transport processes, before significant advances can be made in our understanding of dust inputs to the ocean.
Dust Transport Pathways and Dust Loads
[16] There are two major dust paths passing offshore from Australia ( Figure 6 ). The SE path moves across the SE landmass sector and passes over the Coral Sea, Tasman Sea and Southern Ocean while the NW path crosses the NW landmass and then over the Indian Ocean [Bowler, 1976] . Within each dust pathway, individual dust trajectories can be further identified, each with a distinct source region (described in terms of sectors of major drainage basins) and a particular seasonality. The NW dust path appears to be more directionally consistent, but this requires further confirmation as the pathway has received relatively little research effort. The SE dust path is examined in detail here, as it is the more active and appears to supply more dust to the Southern Ocean. Within the SE dust pathway, there are three dust trajectories with distinct source regions and seasonality [McTainsh and Leys, 1993] (1) NE over the Coral Sea (most active between September and December with a source region in the northern Lake Eyre Basin), (2) SE over the Tasman Sea (most active between December and March with a source region in the southeastern sector of the Lake Eyre Basin and the southern Murray-Darling basin) and (3) south over the Southern Ocean (most active between December and March with a source region in the southern sectors of the Lake Eyre and Murray-Darling Basins).
[17] Australian dust plumes can carry large sediment loads. During a single dust storm, lasting less than a day, in 1987 1.9-3.4 Tg of soil, $30-50% of the estimated average annual dust export from Australia into the South Pacific, left the east coast of the Australian continent [Knight et al., 1995] . The storm which engulfed Melbourne on 8 February 1983 carried 2 Tg of dust [Raupach et al., 1994] [2005] showed that if a uniform concentration profile is assumed the calculated dust load would be 15.4 to 25.8 Tg, compared with their 3.4 to 4.9 Tg estimate, which assumes more realistically that dust concentration decreases with height according to the wellestablished power law [Chepil and Woodruff, 1957] . The numerical modeling of this dust storm by Shao et al. [2007] allows an approximate dust burden of $5.1 t km À2 to be calculated; this is comparable with the 4.8 t km À2 dust load in a large dust storm in China (in April 2001) estimated by Gu et al. [2003] . Typical estimates for dust emissions from the Sahara are estimated at $200 Tg per month [e.g., Colarco et al., 2003a] and during the dustier winter months the Bodélé depression in northern Chad emits an average of $0.7 Tg dust per day [Koren et al., 2007] . 
Dispersion of Dust Plumes and Dust Deposition During Transport
[18] The fine (0.6-5 mm; clay/very fine silt) fraction of Saharan dust is transported within the distinctive Saharan Air Layer (SAL) [Prospero and Carlson, 1972] ; an elevated layer of heated dry air from the Sahara above an inversion at 1.2 km to 1.8 km. However, the bulk of Saharan material that is deposited in the equatorial North Atlantic is transported by the NE trade winds. For the Southern Hemisphere there is little evidence of SAL like transport in the south east dust path, although Healy [1970] suggested that trans-Tasman dust transport could occur within a high altitude jet stream. Perhaps the most distinctive differences for dust transport into the Southern Ocean compared to the North Atlantic is that southern transport of dust is impeded by the circumpolar westerlies, and probably only occurs during low points in this easterly airflow [Delmonte et al., 2004a] .
[19] Little is known about the vertical and lateral dispersion of Australian dust plumes following uplift [McGowan et al., 2000] . Early research, in the Northern Hemisphere, into the relative contribution of lateral versus vertical dispersion [e.g., Hamonou et al., 1999] was based on studies of the load distribution of both dust and pollution aerosols within dust clouds and layers, and used a range of approaches including satellite imagery, groundbased observations (e.g., sun-photometry), meteorological observations and air mass back-trajectory analysis. Much of the observed dispersion was evident as layers, and these reflect horizontal layering of the atmosphere and hence horizontal flow rather than vertical mixing [Hamonou et al., 1999] . Space-borne LIDAR (Light Detection And Ranging) backscatter is a powerful way to look at vertical distributions of dust aerosols within plumes [Berthier et al., 2006] . With the exception of some LIDAR studies based at Cape Grim, Tasmania (41°S) and on mainland Australia (Mildura, Victoria; 34°S) [Boers et al., 1994; Rosen et al., 2000] and some single particle and particle size studies, like the ACE-1 experiment at Cape Grim and south of Tasmania [Bates et al., 1998 ], little research has been done in Australia to investigate dispersion. Boyd et al. [2004] suggested that during a 3 d Australian dust event a horizontal dispersion factor of up to 8 might occur. This estimate is based on reports from Gorden [1986] that the horizontal dispersion parameter of a cloud in the boundary layer is $50 km d À1 , and assuming a Gaussian profile, the radius of a circle containing 95% of the cloud changes at the rate of $100 km d À1 .
[21] The deposition of dust during transport will be impacted by many factors including dust load, particle size, dust concentration profiles, dust ceilings, and downwind dust plume dispersion rates [McTainsh, 1999] . Prospero et al. [1989] reported a useful term for dust deposition: the ''halfdecrease'' distance for a dust load (i.e., the distance over which 1 = 2 of the dust load is deposited). They calculated a range of half-decrease distances from 500 km (NW Pacific) to 2000 km (S Pacific). However, in the absence of regional data to estimate this term, assumptions for the 1 = 2 decrease distance for the Australasian region have to be made. [22] Deposition of dust in the Australian region can be either wet (episodic and high rates of deposition) or dry (sustained, low rates of deposition), but few data on the proportion of wet:dry deposition are available. Boyd et al. [2004] have advocated that data on local rainfall patterns, from microwave and radar satellite sensors such as SSM/I (Special Sensor Microwave Imager) and TRMM (Tropical Rainfall Measuring Mission) combined with dust plume trajectories would be a useful way to distinguish between wet and dry deposition and provide much needed regional data on such processes.
Changes in Mineral Properties During Atmospheric Uplift and Dissolution of Iron From Dust by Cloud Processing
[23] Winds entrain dust into the lower atmosphere by simple uplift of existing dust deposits (formed in situ during previous wind events, or transported from elsewhere by previous wind and water events; section 2.2), or by uplift of dust produced in situ by abrasion processes (saltation, spalling and disaggregation) [Grini and Zender, 2004; Leys et al., 1996; Shao, 2001] . During uplift and transport, dust is exposed to a range of environmental conditions that facilitate dissolution of iron. As discussed below, particle size influences the solubility of iron in mineral dusts and during abrasion processes the size of particle produced can vary markedly [Bullard et al., 2007] . Furthermore, the particle size distribution after long-distance lateral transportation (e.g., Canary Islands to Puerto Rico) is not easily predicted . These considerations mean that it is currently convenient to simulate abrasion processes in laboratory experiments [Bullard et al., 2007; Mackie et al., 2006] .
[24] During the simulated eolian abrasion of artificial dusts formed from soils taken from Australian source regions, the total amount of readily released iron remains unchanged but it is redistributed to smaller grains [Mackie et al., 2006] . This suggests that the amount of readily released iron is an intrinsic property of a dust-source soil at the time of uplift. Subsequently, the amount of readily released iron may be set by the frequency of ground-based (as opposed to atmospheric) processing events (i.e., weathering and/or abrasion) since the dust or soil last experienced an uplift event.
[25] Large areas of SE Australia have soils in which a significant component of their dust has been gradually transported, possibly in a stepwise manner, from regions further west [McTainsh, 1999; Ryan and Cattle, 2006] . Bullard and McTainsh [2003] describe this stepwise dust transport, using a model of fluvial-eolian sediment cycling involving; the eastward-moving dusts and westward-flowing rivers of the Murray-Darling Basin. Thus, secondary source dusts in the Murray-Darling Basin that have undergone multiple uplift events, may be lower in readily released iron than some dusts from primary dust source regions like the Lake Eyre Basin.
[26] Laboratory-based studies suggest that, once uplifted, dust can undergo extensive atmospheric physico-chemical processing, especially in clouds [Desboeufs et al., 2005; Zhuang et al., 1992a] , and often over several cycles of evaporation and hydration with associated pH changes, which enhance the dissolution of iron and other elements from the dust [Mackie et al., 2005; Spokes and Jickells, 1996] . As a first approximation it has proved convenient to carry out laboratory experiments investigating dissolution of iron from mineral dusts under simple conditions using only strong mineral acids (i.e., in the absence of ligands, high energy photochemistry, or reducing agents) [Desboeufs et al., 2005; Mackie et al., 2005; Spokes et al., 1994] . Such experiments offer an upper bound for the level of iron potentially available to oceanic phytoplankton via physico-chemical processes but it is important to note that in the presence of UV light, siderophores, and electron donors like oxalate the solubility of iron from dust is significantly increased [Borer et al., 2005] . Sulfates, nitrates and carboxylic acids, especially oxalic acid, are common in aerosols and cloud waters with anthropogenic contamination and enhance the dissolution of mineral dusts [Huang et al., 2006; Matsuki et al., 2005; Zuo and Zhan, 2005] . However, in remote areas oxalic acid concentrations are typically 20-100 times lower than in urban air (10-50 ng m À3 compared to 900 ng m À3 ) [Warneck, 2003 ] so organic compounds like oxalate may be less relevant to the more pristine air masses moving offshore from Australia.
[27] While the mineralogy of Saharan and Australian dusts is different [Kiefert et al., 1996] , the iron in Australian dust is similar to that of the Sahara [Bonnet and Guieu, 2004; Spokes and Jickells, 1996] and can be partitioned into three classes broadly defined in terms of expected solubility in simulated cloud-water (acidified freshwater); readily released (<1% total iron), acid-leachable (20-25% total iron) and refractory ($75% total iron) [Mackie et al., 2006] . Readily released iron appears comparable with the ''instantaneous soluble fraction'' of Fe and Al in natural aerosols [Buck et al., 2006] and perhaps represents ferrihydrite [Mackie et al., 2006] . Previous identifications of ''amorphous iron'' are incorrect and ferrihydrite is a better descriptor of an admittedly poorly characterized iron oxide [Cornell and Schwertmann, 2003 ]. Cornell and Schwertmann [2003] , and references within, point out that there is no fixed dissolution rate for iron-oxide mineral-specific structures, but that there are consistent trends in the rate of dissolution (using strong acids) that span $3 orders of magnitude with ferrihydrite ) hematite > goethite. Mössbauer spectra for soils collected from dust producing regions in Australia, including the area where the October 2002 dust storm originated, show the iron oxides present in the soils to be a mixture of hematite (15-50% of iron present) and goethite (50-85% of iron present) (D. S. Mackie et al., unpublished results, 2007) .
[28] In some laboratory-based studies ferrihydrite has been used as a surrogate for the main form of dust-derived iron compound found in atmospheric waters [e.g., Johansen and Key, 2006] . However, ferrihydrite is generally found only in young, cool and moist soil environments [Childs, 1992] ; under warmer, drier conditions it transforms into more stable hematite and goethite via dehydration and structural rearrangement [Jambor and Dutrizac, 1998; Yokoyama and Nakashima, 2005] . The rate of transformation to either hematite or goethite (the exact product depends largely on temperature and moisture levels) follows first order kinetics and is related to the amount of ferrihydrite left [Cornell and Schwertmann, 2003] . The major dust producing regions of the world (the Sahara, Gobi and Australian deserts) are large inland drainage basins within deserts and in Australia, in particular, ancient rocks contribute to highly weathered soils which experience long distance fluvial transport before accumulating as dust source deposits [McTainsh, 1989] . Therefore, any ferrihydrite originally present in such source soils is expected to have long since been transformed to hematite or goethite. Ferrihydrite forms from the hydrolysis of Fe(III) solutions [Childs, 1992; Jambor and Dutrizac, 1998 ] and any ferrihydrite present in atmospheric aerosols must form secondarily after the dissolution of hematite and goethite such that iron is more likely to be found as hematite, goethite or as ''dissolved'' iron than as ferrihydrite, accounting for the low ''readily released'' or ''instantaneous soluble fraction'' of iron observed in atmospheric aerosols. Thus, models for the dissolution of iron from aeolian dusts based solely on the results from ferrihydrite [e.g., Johansen and Key, 2006] will significantly overestimate the actual dissolution of iron from aerosols.
[29] The acid-leachable pool is soluble over a timescale of hours to days in mineral acid solutions of pH <3, while the refractory pool is insoluble under such conditions. The size of the acid-leachable pool of iron is 20 -200 times that of the readily released iron, and therefore understanding the extent to which dissolution of this fraction occurs will better inform predictions for iron supply to the ocean. In laboratory-based cloud processing simulations (acidified freshwater, pH 1-5), the dissolution of acid-leachable iron from soils and dusts taken from three arid regions (Australia, the Sahara and the Gobi) occurs in two distinct phases [Mackie et al., 2006; D. S. Mackie et al., unpublished results, 2007] . First there is rapid (hours) release of iron to solution via a reaction with a rate-dependency on the surface area of dust grains (defined by particle size but also surface roughness). Second, a subsequent release of iron to solution occurs more slowly (days) via diffusion and the formation of a leached layer. The release of iron slows as the leached layer increases in thickness and, if the layer remains intact, the release of iron effectively ceases, leaving a refractory portion of iron. However, iron is mainly taken up by phytoplankton from the dissolved form via a ligand-mediated process [Maldonado et al., 2001] and measurements of the inorganic phase of iron can only serve as a guide to the ultimate bioavailability which must be investigated case by case.
Response of Oceanic Biota to Dust Inputs
[30] Due to the episodic nature of dust supply to the ocean, particularly from Australian sources, it is problematic to directly estimate the response of oceanic biota, although in other oceanic regions, occasionally this biological response has been recorded [Young et al., 1991] . Therefore, satellite remote-sensing has mainly been used to explore the relationship between dust supply and consequent increases in phytoplankton stocks resulting from iron-stimulated algal growth. color data for subpolar waters south of Australia. In contrast, Boyd et al. [2004] identified specific dust storms between 1997 and 2000 (using a land-based network of dust-monitoring stations) and air mass trajectory analysis to identify potential offshore regions where dust was deposited. Dust trajectories were then overlaid on weekly composite satellitederived chlorophyll fields and examined for elevated chlorophyll (selected images had a 7-14 d lag after each dust storm, the time needed for iron-elevated algal growth rates to result in increased phytoplankton stocks).
[31] Although Gabric et al. [2002] reported a strong correlation between AOD and chlorophyll concentrations, Boyd et al. [2004] noted no increase in chlorophyll following the dust storms. Significantly, the AOD to chlorophyll relationship reported by Gabric et al. [2002] weakened when they introduced a 7-10 d lag; this trend is probably due to the partial removal of autocorrelation between AOD and chlorophyll reported by some remote-sensing studies [Boyd et al., 2004; Doney et al., 2003] . Care in the interpretation of satellite data is also required, as environmental factors other than iron supply, can control phytoplankton growth in early spring, such as underwater light climate [Boyd et al., , 2004 .
[32] The period between 1997 and 2000 had relatively low dust activity, whereas in 2002 and 2003 there was a dramatic increase in the DSI 3 (Figure 3 ).
Here we present an analysis of the impact of the 23 October 2002 dust storm on phytoplankton stocks. After the dust plume passed off the Queensland coast, it bifurcated ( Figure 5 ), with dust being deposited into both the HNLC low-iron waters south of New Zealand, and LNLC iron-depleted waters of the Coral Sea (NW of New Zealand) and also into the Gulf of Carpentaria McTainsh et al., 2005; Shao et al., 2007] . Dust supply to the former region may stimulate diatoms which are usually iron-limited in these waters Breviere et al., 2006] , while in the latter region may have stimulated nitrogen-fixers such as Trichodesmium which are iron-and/or iron/P-limited [Mills et al., 2004] .
[33] Although Berman-Frank et al. [2001] estimated that in 75% of the global ocean, iron availability limits N fixation by Trichodesmium, this is now thought to be an overestimate and there is presently considerable debate, from both laboratory [Hutchins et al., 2007] , field [Mills et al., 2004] [34] The fallout zone for dust following the October 2002 event has been modeled [Butler et al., 2007; Shao et al., 2007] and is shown in Figure 7 along with TOMS images for 23, 24 and 25 October 2002. Fine details are not visible but the long dust front present in Figure 5 is readily apparent. Deposition did not occur further south than about 40°S (note also the considerable activity of the understudied NW dust pathway, as discussed above). This approximate deposition zone is consistent with the modeled deposition for this event of Shao et al. [2007] . Examination of ocean color images from the AQUA satellite for the waters north of New Zealand 7 to 35 d after the October 2002 event revealed no significant increase in chlorophyll concentrations (Figure 8 ). Here, and throughout, we define a post-deposition bloom as one in which ambient chlorophyll concentrations in either
) waters are elevated, for a sustained period (i.e., >7 days), to 1 mg L À1 or greater. Note that the ''green'' patch between Australia and New Zealand at about 40°S that can be seen in each panel of Figure 8 , was present before the dust storm and was not in the fallout path of the dust (Figure 7) and is, therefore, not connected to dust supply. In addition, these waters are north of the STC and so are seldom characterized by limiting dissolved iron concentra- tions, and thus blooms are observed there during the spring and summer periods [Boyd et al., 2004] .
[35] Moreover, application of an empirically based Trichodesmium algorithm, which has been successfully used to detect ''ground-truthed'' (i.e., from shipboard studies) blooms of these N-fixers [Westberry et al., 2005] , revealed no evidence of a bloom east or northeast of Australia ( Figure 9 ). While Trichodesmium does not exhibit growth rates like those of diatoms for instance, theoretical maximum growth rates of $0.9 d À1 are now reported [Rabouille et al., 2006] and rates of 0.45 d À1 are now considered routine. Given an initial seed population of $50 trichomes L À1 (as observed during a survey voyage in these waters in 2006) only 6 divisions would be required (assuming no losses) to achieve the bloom threshold identifiable by the algorithm. This timescale is well within the domain of the images presented in Figure 9 .
[36] The alteration of remote-sensing masks, used by Westberry and Siegel [2006] , for sea surface temperature and water depth (Figure 10 ) (to increase the areal extent of waters, considered in Figure 9 , to include those in which Trichodesmium blooms have been observed, such as NW of New Zealand in April 2006 (P. W. Boyd, unpublished observations)) did not alter this conclusion. Note that Figure 10 demonstrates the extent of environmental masking applied to any Trichodesmium fields retrieved as a possible caveat to why no obvious Trichodesmium blooms were observed in this region. Figure 10 itself contains no information about the actual retrievals, but is made from corresponding maps of SST, bathymetry, and atmospheric correction parameters from SeaWiFS. Minor tweaking of these masks was done to determine if potential bloom signatures were being masked out. The answer was no. That is, no obvious major bloom was produced following the largest dust storm in 40 years. 3. Discussion
Overview of the Biogeochemistry of Australian Dust
[38] It is evident from this first attempt to order the many processes that contribute to the biogeochemistry of iron in Australian dust that there are many gaps in our knowledge, such that it is difficult to prioritize future research. Perhaps the most striking characteristic of the Australian system is the episodic nature of dust storms, which means that it is important to put each dust event into a temporal context; the response by phytoplankton to a dust storm in early spring will be different from the response in winter or late summer. It is equally important to calculate how much aerosol-derived iron is available to phytoplankton following each storm, and over what timescales (i.e., residence time of the dust in the upper ocean, and dissolution rate over this period). Moreover, local meteorology will control the fate of the dust, i.e., whether it is deposited in subtropical LNLC waters (where N-fixers reside) or subpolar HNLC waters (iron-limited diatoms).
[39] An aqueous medium is essential for any reaction to occur and in the presence of water (e.g., atmospheric moisture and clouds) other key processes, for iron/dust biogeochemistry, that we have identified include particle size, which is an important factor determining iron solubility from mineral dusts Bonnet and Guieu, 2004] and abrasion. Most abrasion of soil occurs Figure 9 . Maps of the occurrence of Trichodesmium blooms in the LNLC waters east and northeast of Australia for 4 weeks after the 23 October 2002 dust event. Due to their relatively slow growth rate, a bloom of large areal extent would not be expected before 14 -21 days [Mills et al., 2004] , and this time period is shown in detail in Figure 9c . The maps are based on the Trichodesmium algorithm of Westberry and Siegel [2006] , but here a modified SST mask is used (all surface waters <21°C are masked as opposed to <23°C, as in the work of Westberry and Siegel [2006] ). This altered SST mask includes waters northwest of New Zealand in which Trichodesmium blooms have been observed recently (P. W. Boyd, unpublished data, 2006) . A modified depth mask (waters <50 m deep are masked here, as opposed to those <100 m in the work of Westberry and Siegel [2006] ) is also applied here as some of the dust plume passed over the relatively shallow Gulf of Carpentaria (see Figure 6 ). Information on the spatial extent of each type of mask is presented in Figure 10 . during the initial period of saltation (i.e., during uplift) and produces fine particles [Bullard et al., 2004] that may be more easily transported atmospherically than larger particles. Little is known about abrasion during the transport of entrained dust (referred to as attrition) but early indications are that such abrasion processes can also redistribute more soluble forms of iron onto smaller grains [Mackie et al., 2006] . Interactions with cloud-water [Baker et al., 2003; Mackie et al., 2005; Meskhidze et al., 2005; Spokes et al., 1994] and photochemistry [Hand et al., 2004; Siefert et al., 1999; Zhuang et al., 1992b] can also influence the dissolution of iron from Australian dust and therefore affect the supply of bioavailable iron to phytoplankton.
[40] Another significant outcome of this synthesis is that the enhancement of iron-solubility by each of the above mechanisms is difficult to measure in isolation. Hence dissolution experiments in mineral acid solutions over long periods (days) have been used to set an upper bound on how much iron is potentially bio-available [Mackie et al., 2005; Spokes et al., 1994] . These experiments have also elucidated a mechanism for the dissolution of iron from dust that occurs in two stages over timescales of hours and weeks, respectively (D. S. Mackie et al., unpublished manuscript, 2008) . propose two distinct mechanisms for dust dissolution in the surface ocean: physico-chemically mediated (hours) and microbial/photo-chemically mediated (weeks) during the residence of aerosol particles in the upper ocean. This is consistent with the findings from a mesoscale iron biogeochemical study (FeCycle) in unperturbed HNLC Australasian waters where ''an average residence time of particles in the mixed layer of $100 days'' is calculated [Frew et al., 2006] . A ''fractional mean residence time'' of (6-62 days) for total (dissolved and particulate) iron is also reported for waters directly under the path of Saharan dust plumes [Croot et al., 2004] and the residence time for dust Figure 10 . A composite map showing the areal extent of masks applied to the Trichodesmium algorithm of Westberry and Siegel [2006] for the oligotrophic waters around NE and east Australia during October and November 2002. Three masking schemes are used: for bathymetry (masking any waters shallower than 100 m), SST (masking waters <23°C), and for atmospheric contamination (Atm denotes an additional mask for atmospheric correction of the satellite signal due to high aerosol loading). The SST mask was successively relaxed to waters <19°C. In this case, the large Atm mask was probably due to the eastward passage of the 23 October dust storm offshore. ''Clouds'' denote areas that were chronically obscured by clouds during the extent of this analysis. 2007GC001813 in surface waters of the Sargasso Sea is calculated to be $18 days [Jickells, 1999] .
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[41] As noted above, these mechanisms with moderate to slow dissolution rates contrast with the immediate availability of acidified iron(II) in mesoscale perturbation experiments (e.g., SOIREE, IRONEX and FeCycle) and may account for observed differences in phytoplankton responses to the natural (i.e., dust events) and purposeful addition of iron in such experiments [see Boyd et al., 2007] .
Dust Emission and Deposition: A Comparison of Southern Hemisphere Sources
[42] It is evident that the relatively detailed measurements on dust biogeochemistry for Australia are the most comprehensive in the Southern Hemisphere. It is therefore valuable to assess whether they are broadly representative of other important dust-producing regions south of the Equator, which have had less research effort directed at them. In the following sections we compare how the main characteristics of the biogeochemistry of Australian dust relates to Patagonian and southern African dusts. We then compare and contrast dust processes between the Northern and Southern Hemispheres.
[43] The relative importance of Southern Hemisphere sources of dust, with respect to iron supply to polar phytoplankton, is sometimes assessed on the basis of how much dust is transported to Antarctica [Wolff et al., 2006] . The major dust source regions in the Southern Hemisphere are Australia [McTainsh et al., 2005] , Patagonia [Gaiero et al., 2004] and southern Africa [Piketh et al., 2000] . Minor sources include the Bolivian Altiplano (14-21°S), Buenos Aires Province and W Argentina ($35°S) [Gaiero et al., 2004] . Antarctica is probably only a minor source because prevailing katabatic winds long ago removed any large deposits of dust and pedological processes in the limited ice-free areas to produce fresh soil are very slow [Campbell and Claridge, 1987] . The relative contribution of each source to dust in Antarctic ice cores remains a subject of debate [Basile et al., 1997; Revel-Rolland et al., 2006; Tanaka and Chiba, 2006] . However, the strong westerly winds that limit the transport of dust to Antarctica [Trenberth et al., 1990] , should not be equated to a lack of dust supply to the Ocean.
[44] An additional consideration concerning the bioavailability of iron is presence of combustion products in the atmosphere interacting with dust and iron. For example, iron in Saharan dust over the Sargasso Sea has greater solubility if it has mixed with air masses from North America carrying high levels of fossil fuel combustion products [Sedwick et al., 2007] . In particular for the Australian case, the impact of smoke from the frequent natural bushfires (plumes of which are clearly seen passing through the dust plume in Figures 5a and  5b ) has been previously unstudied, so we currently have a program underway to investigate this issue.
[45] The main focus of dust studies in Patagonia has been its potential important role in iron-enrichment of Southern Ocean waters during the LGM [Wolff et al., 2006] and research has mainly been on dust transport processes to sites in Antarctica (e.g., Dome C, Vostok) where deep ice cores have been taken. In southern Africa, most of the research has addressed the effect of dust and aerosols (especially those produced by biomass burning) on the climate (rainfall and temperature) over the land itself [Piketh et al., 2002; Tyson et al., 1996] .
[46] As discussed above, two key factors that control dust-derived iron delivery to the surface ocean are (1) the size of a dust event and (2) the frequency and duration of a dust event. Events that transport dust from southern Africa occur regularly, every 11 d or so, with each event lasting $3 d [Piketh et al., 2000] . The annual dust flux eastward from southern Africa to surface waters of the southern Indian Ocean is about 45 Tg a À1 with a further 25 Tg a À1 westward into the southern Atlantic [Tyson and D'Abreton, 1998; . Atmospheric deposition of soils from Patagonia to the Patagonian Argentine continental shelf (0.8 Â 10 6 km 2 ) is estimated at 30 Tg a À1 [Gaiero et al., 2003] . Emission of dust from Patagonia occurs regularly throughout the year, although there is significant seasonal variation in dust deposition rates onto the Atlantic coastline from 0.3 to 8.1 g m À2 month À1 [Gaiero et al., 2003] . Australian dust supply to the South Pacific is less, 4-7 Tg a À1 [Knight et al., 1995] , and as discussed above, is episodic. Thus, each Southern Hemisphere dust source region has distinctive characteristics that mean that no particular one is representative of the region as a whole.
[47] Southern African dust that enters the ocean is largely (>90%) deposited in the southern Indian Ocean along $35°E with only 4% entering the South Atlantic . Around 22% of air masses originating over southern Africa are transported over the Tasman Sea to the south of New Zealand in winter (transport is insignificant during summer) [Sturman et al., 1997] but <6% of back trajectories from the Dome C site in Antarctica (75°S 123°E) originating in southern Africa [Lunt and Valdes, 2001] . About a third of southern Africa dust exports are deposited in iron-rich coastal waters (i.e., with little impact on the biota), with $50% reaching the 70°E meridian ($3500 km from the coast) [Piketh et al., 2000] . Patagonian dust has been identified in Antarctic ice cores at Dome C (75°S 123°E) [Basile et al., 1997; Wolff et al., 2006] and nearby Vostok (78°S 106°E) [Delmonte et al., 2004b] . Back trajectory analysis shows >30% of trajectories to Dome C originate in Patagonia, and follow the circumpolar zonal winds [Lunt and Valdes, 2001] . However, from the same back trajectories, it appears that Patagonian dust is seldom deposited to the north of 40°S.
[48] While ice core studies of dust deposition in Antarctica have made major contributions to our knowledge of long distance dust transport during the geological past, many of the studies attempting to provenance the dust share the methodological weakness of using only a small number of samples to identify potential source areas. For example Grousset et al. [1992] isotopically fingerprinted (143/144 Nd to 87/86 Sr ratios) soil from the entire Australian continent using samples from just two locales. One of these, in the Great Sandy Desert, falls along the NW dust path ( Figure 6 ) and would not be expected to contribute dust to Antarctica. While Basile et al. [1997] used a single sample of loess to characterize (also by Nd/Sr ratios) New Zealand soils. Given that New Zealand straddles two tectonic plates and is highly volcanic, it may be that there is considerable variation in soil isotopic composition that would not be detected by examination of such a limited sample set.
Impact of Deposited Dust on Biota in the Southern Hemisphere
[49] Dust originating from southern Africa typically supplies 0.99 mg Fe m À2 d À1 per dust event [Piketh et al., 2000] into the waters of the South Indian Ocean between 30°S 50°E and 50°S 70°E (an area of $4 Â 10 6 km 2 ). The South Indian Ocean is characterized by discrete regions (total areal extent $1.5 Â 10 6 km 2 ) of enhanced CO 2 uptake [Takahashi et al., 1997] and some of these have been linked to oceanic deposition of dust plumes from southern Africa [Piketh et al., 2000] . However, the areas of increased CO 2 uptake are close to the Crozet (46°S 51°E) and Kerguelen (49°S 70°E) island plateaus, and in both cases the Antarctic Circumpolar Current (ACC) results in upwelling [Read et al., 1995] which enriches surface waters with iron [Blain et al., 2007; Holm-Hansen et al., 2005] . The extent of the influence of southern African dust on biota is therefore unclear. Patagonian dust is estimated to supply 1-4 mg ''leachable'' (in 0.5N HCl) Fe m À2 a À1 to HNLC waters of the subpolar South Atlantic Ocean [Gaiero et al., 2003] . However, upwelling of the ACC in the Scotia Sea enriches surface iron and nutrients [Holm-Hansen et al., 2005] making it difficult to assess the direct impact of Patagonian dust on biota. On the other hand, Meskhidze et al. [2007, paragraph 1] conclude that ''upwelling of nutrient-rich waters due to mesoscale frontal dynamics is the major source of bioavailable Fe controlling biological activity in this region.'' As additional data is collected conclusions such as this about the balance of ''iron from above'' versus ''iron from below'' may change. In contrast, the Australian-South Pacific sector of the Southern Ocean has negligible upwelling and is remote from land. It may therefore be a less complex system better suited for the study of how dust processes influence ocean biota.
Southern Hemisphere Data Coverage: Dust Deposition
[50] Dust processes in the Southern Hemisphere are understudied relative to those in the Northern Hemisphere. The SEAREX program of 1979 [Prospero et al., 1989 ] is the only major study to include numerous sampling sites south of the Equator. Remote-sensing is now providing valuable information on dust sources. For example, maps for dust storm activity produced from TOMS, MODIS and SeaWiFS data have good agreement with ground-based observations [Darmenova et al., 2005; Washington et al., 2003] . Even though TOMS offers the longest satellite record of dust activity over the Australian continent (1979 to date), the TOMS record is incomplete, and may miss many of the common haboob-type events (where there is a rapidly moving cold front and dust is entrained at <500 m), leading to the erroneous conclusion that dust output from Australia is negligible . Tahiti and to the Southern Ocean south of Kerguelen Island (6 and 22 ng m À2 d À1 , respectively) and comment that these values are $100 times lower than previous predictions from global modeling simulations. These models are largely based on the more abundant Northern Hemisphere data, yet they have been widely used to predict both dust and bioavailable iron deposition into the Southern Ocean [Cassar et al., 2007] . This approach has inherent dangers: ''. . .From there, it is but a short step to the astonishing evocation of a relationship between seasonality of chlorophyll biomass and of modeled dust deposition in the Southern Ocean'' [Longhurst, 2006, p. 72 ].
Modeling of Dust Deposition for the Australian Region
[52] In contrast, the DSI related meteorological data available for Australia make the validation of regional dust deposition models viable. This has recently been done by Shao et al. [2007] , who modeled the dust load of the 23 October 2002 storm using a regional dust model. They found that modeled and measured dust loads were similar: 5 and 4.85 Tg, respectively. In contrast, most global dust models have particular difficulty in predicting accurately Australian dust emissions and the extent/location of dust source areas because of the spatial complexity of dust source areas and the episodicity of Australian dust processes. Some models overestimate the dust source strength of the Australian continent [e.g., Bauer et al., 2004] , and their outputs do not compare well with satellite records of dust transport [Perlwitz et al., 2001 ].
Zender's DEAD model [Zender et al., 2003] works relatively well at identifying the major dust source regions in Australia because it describes better soil erodibility constraints upon dust emissions than most models.
[53] Some models for global dust processes are almost exclusively based on Northern Hemisphere data. For example, the dust component of the NASA-Goddard Atmospheric General Circulation Model, ModelE [Cakmur et al., 2006; Miller et al., 2006] , is constrained by measurements of whole region remotely sensed aerosol optical depth and also by particulate loads collected by high-volume filters and sediment traps from 93 oceanic and 3 land sites, yet only 18 of the sites are in the Southern Hemisphere; 13 are in the South Pacific ( Table 2 ). The SEAREX data set [Prospero et al., 1989] has been used to validate most global dust deposition models to date. However, both the absolute DSI for Australia and the year to year variation in the DSI during the SEAREX program was low compared to the decades both before and after (see Figure 3) . There is not yet sufficient data to determine the ''normal'' DSI for Australia and the scarcity of ground-based observations of dust activity in the Southern Hemisphere makes it difficult to asses the reliability of the global dust emission model simulations for this region.
[54] A potentially promising approach to modeling the impact of dust deposition on phytoplankton in offshore waters is to use detailed region-specific data to both place constraints on conditions for bloom formation, and to identify gaps in our knowledge. For example, using data from our above ambient. Parameters such as the half-decrease distance for dust transportation, the time-scale for iron dissolution from dust in surface waters, and the half-life of dissolved iron in the ocean are too poorly known in the Australasian region to progress beyond stating an upper and lower bound for oceanic iron supply.
Comparison of Northern and Southern Hemisphere Dust Processes
[55] Interhemispheric differences in factors likely to influence the dissolution of iron from dust are presented in Table 3 . Global patterns of predominant winds divide each hemisphere into three latitudinal zones: Trade winds (0°-30°), Westerlies (30°-60°) and Polar Easterlies (60°-90°). If it is assumed, as a first approximation, that there is little transport between these zones, then dust sources on the land area between 30°S and 60°S (5 Â 10 6 km 2 ) supply most of the eolian dust deposited to the oceans in this zone (89 Â 10 6 km 2 ). In the Northern Hemisphere the land and ocean areas between 30°N-60°N are 48 Â 10 6 km 2 and 46 Â 10 6 km 2 , respectively. Dust is emitted from the Gobi and Sahara almost year-round while emissions from Australia and, to a lesser extent, Patagonia, have a pronounced seasonality. These differences alone have undoubtedly contributed to the establishment of the large HNLC areas in the Southern Ocean and further accentuate the importance of dust processes in the Southern Hemisphere. Also, Northern Hemisphere dust sources are at lower latitudes than those in the Southern Hemisphere ($15°N versus $30°S) and entrained dust experiences greater insolation during transport, with greater potential for dissolution of iron via photoreduction reactions initiated by high energy irradiance [Borer et al., 2005; Tagliabue and Arrigo, 2006] . The impact that each of these processes has on the bioavailability of iron varies, and the level of current understanding of each process is summarized in Figure 11 .
[56] Large dust storms alone do not initiate blooms, but do increase the overall ocean iron inventory. Other factors also contribute to the control of bloom initiation in LNLC waters (i.e., Fe/P/CO 2 /N and P stoichiometry). In HNLC waters Timing of dust intrusions over the ocean Sahara: Regular year-round emission, spring/summer peak . Gobi: Regular year-round emission, spring/summer peak [Xuan, 2005] .
Australia: Irregular, spring/summer only [Ekström et al., 2004] . Southern Africa: Regular year-round emission, every $11 days [Piketh et al., 2000] . Patagonia: Year-round emission, spring/summer peak [Gaiero et al., 2003] . Transport time Sahara to Barbados 5 -7 days [Colarco et al., 2003b] Gobi to US mainland $7 days [VanCuren and Cahill, 2002] .
(to Antarctica) Australia 6.5 days Patagonia 5.5 days Southern Africa 8.5 days [Krinner and Genthon, 2003] limiting factors may be Fe, light and even Si [Boyd, 2002] . Further, the seasonal cycle in each of these limiting factors makes the specific timing of the atmospheric Fe deposition event become important. Better information is required on the relative role of the atmosphere and ocean on influencing iron biogeochemistry and how their relative influences might change in the future due to climate change.
[57] A further fundamental issue is that some models for the dissolution of iron from dust, based on Northern Hemisphere data, explicitly include the solubility enhancing effect of pollutants like SO X and NO X [Fan et al., 2006; Mahowald et al., 2005; Meskhidze et al., 2005] . However, levels of such anthropogenic pollutants are relatively low in the modern atmosphere of the Southern Hemisphere [Ayers et al., 1997] and were low globally during the LGM. Therefore, future modeling efforts on dust deposition into the Southern Ocean in the geological past require both parameterization that reflects the pristine environment at that time, and better data sets for each of the Southern Hemisphere dust source regions.
Appendix A: DSI 3
[58] The Dust Storm Index (DSI 3 ) is calculated using equation (A1):
DSI 3 is Dust Storm Index at n stations where i is the ith value of n stations for i = 1 to n. The number of stations (n) is the total number of stations recording a dust event observation in each time period. 109 stations have continuous records and a further $100 stations have partial or sporadic records.
[59] SD is severe dust storm: visibility <200 m (daily maximum weather codes: 33, 34, 35). MD is moderate dust storm: visibility 200-1000 m (daily maximum weather codes: 30, 31, 32 and 98). LDE is local dust event: some dust activity but no negligible change to visibility (daily maximum weather codes: 07 and 08).
[60] Weather codes are as defined by the World Meteorological Organization [1998] and weather code 09 events have been reassigned as 07s or 30 to 35s, dependent on visibility criteria. Figure 11 . A semiquantitative assessment of our current level of understanding of atmospheric processes (introduced in Figure 1 ) in relation to their relative influence on the bioavailability of iron in surface ocean waters. For example, mineralogy probably has a low to moderate impact on the bioavailability of iron, as the particular forms of iron present in aeolian dust show little variation though, as noted, models do not always take account of this. Nevertheless, our current understanding of the influence of mineralogy is poor. Time denotes the timescale of atmospheric processing during dust transport and may include multiple cycles of processing. The label [acid] refers to the acidity of the medium in which the dust is transported (such as clouds): this has a major effect on bioavailability, but the environmental conditions inside clouds are not well understood. Ligands denotes the solubility-enhancing properties of iron-binding ligands and indicates that little is known about ligand interactions (rainwater) with dust in the atmosphere. Size refers to the influence of particle size, an important contributor toward bioavailability that is becoming better understood. UV refers to the well-defined impact of UV irradiation. Note that bioavailability may have no direct relationship to the biological response. 
